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Summary

The active metabolite of vitamin D, la, 25-dihydroxyvitamin D3
[1,25(0OH),D3], is involved in calcium and phosphate metabolism and
exerts a large number of biological effects. Vitamin D3 inhibits parathy-
roid hormone secretion, adaptive immunity and cell proliferation, and at
the same time promotes insulin secretion, innate immunity and stimulates
cellular differentiation. The role of vitamin D3 in immunoregulation has
led to the concept of a dual function as both as an important secosteroid
hormone for the regulation of body calcium homeostasis and as an essen-
tial organic compound that has been shown to have a crucial effect on
the immune responses. Altered levels of vitamin D3 have been associated,
by recent observational studies, with a higher susceptibility of immune-
mediated disorders and inflammatory diseases. This review reports the
new developments with specific reference to the metabolic and signalling
mechanisms associated with the complex immune-regulatory effects of
vitamin D3 on immune cells.
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Introduction

The vitamin D3 [1,25(OH),D3], is a pleiotropic hor-
mone, which regulates calcium homeostasis of the organ-
ism, induces differentiation and inhibits proliferation of
various normal and cancer cells." Evidence suggests differ-
ent roles of vitamin D and its active metabolites in a large
number of tissues. Nearly every tissue in the body has
receptors for the active form of vitamin D, 1,25 di-
hydroxyvitamin D3 [1,25(0OH),D3] or calcitriol. The
immunomodulatory role for 1,25(OH),D3 was proposed
more than 25 years ago. This latest function was essen-
tially based on the finding that monocytes/macrophages
from patients affected by the granulomatous disease sar-
coidosis constitutively synthesize the active form of
vitamin D3 [1,25(0OH),D3] from the precursor 25-hy-
droxyvitamin D (250HD), as well as on the data indicat-
ing that the receptor for vitamin D (VDR) is detectable
in activated, proliferating lymphocytes.” Nevertheless, only
recently has a clearer picture of the function of
1,25(0OH),D3 as a determinant of immune responsiveness
been obtained. The crucial role of 1,25(OH),D3 in the
immune system was confirmed by other evidence. First,
the intracrine induction of antimicrobial activity by
1,25(0OH),D3 is a pivotal function of the monocyte/mac-

rophage response to infection. Second, sub-optimal vita-
min D status is a common peculiarity of many
populations throughout the world, with the possible sup-
port of monocyte/macrophage metabolism of 250HD
and subsequent synthesis and action of 1,25(0H),D3.?
These observations suggested a mechanism whereby
1,25(0H),D3 produced by monocytes could act upon
adjacent T cells or B cells, but the consequence of such a
system on normal immune regulation is still unclear.
Currently, it is know that cutaneous immunity is man-
aged by ultraviolet (UV) irradiation, which affects kerati-
nocytes, antigen-presenting cells, such as epidermal
Langerhans cells and T lymphocytes. Peripheral regulatory
T cells are responsive to environmental stimuli including
UV irradiation. The T-cell effector functions depend on
the activation state of Langerhans cells, which can be
influenced by UV irradiation. Following their encounter
with exogenous antigens the epidermal Langerhans cells
migrate to the skin-draining lymph nodes where they
present skin-acquired antigens to naive T cells resulting
in effector T-cell differentiation. Regulatory T cells
induced by UV are expanded by UV-exposed cutaneous
Langerhans cells. Recently, it has been shown that epider-
mal expression of 1,25(OH),D3 connects the environment
to the immune system via expansion of CD4' CD25"
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regulatory T cells.* After this, T-cell-mediated cutaneous
immune responses need to be down-regulated. In this
context, CD4" CD25" regulatory T cells play an impor-
tant role in the suppression of cellular immune responses
via inhibition of T-cell proliferation. In this scenario
1,25(0OH),D3 is an inhibitor of maturation of dendritic
cells (DCs), the most potent antigen-presenting cells, and
acts directly on T lymphocytes to inhibit T-cell prolifera-
tion.” The 1,25(OH),D3 signalling represses the transcrip-
tion of genes encoding key T helper type 1 (Thl)
cytokines, such as interferon-y (IFN-y) and interleukin-2
(IL-2).> The net effect of 1,25(0OH),D3 is to polarize
T-helper responses toward a more regulatory Th2 pheno-
type, which is considered a key component of its capacity
to suppress Thl-driven autoimmune responses.” In the
present review, we intend to disclose the basic functions
of 1,25(0OH),D3 production. Additionally we will provide
an overview on the current knowledge available regarding
the molecular mechanisms of action, the role in immuno-
logical function and the therapeutic use of vitamin D3 in
many diseases characterized by inflammation.

Vitamin D3 synthesis

The two major forms of vitamin D are vitamin D2 (or erg-
ocalciferol) and vitamin D3 [1,25(OH),D3] also known as
cholecalciferol or calcitriol." Vitamin D2 is synthesized by
plants and fungi, and is not produced in vertebrates,
whereas 1,25(0OH),D3 is produced in relatively large quan-
tities in humans and in the majority of vertebrate animals.
The main source of 1,25(OH),D3 occurs in the course of
photosynthesis in the skin, in which UV light catalyses the
first step in 1,25(OH),D3 biosynthesis, converting 7-dehy-
droxycholesterol into pre-vitamin D3, followed by a spon-
taneous and temperature-dependent isomerization into
1,25(0OH),D3 synthesis. To achieve the biologically active
form, vitamin D3 must first be hydroxylated in the liver
into 25-hydroxyvitamin D3 [25(0OH)D3]® at the carbon
25-position by 25-hydroxylase. Several cytochrome P450
(CYP) isoforms (including the mitochondrial CYP27A1
and the microsomal CYP2R1, CYP3A4 and CYP2J3)
accomplish this hydroxylation step, but CYP2R1 is thought
to be the high-affinity 25-hydroxylase.” The calcidiol is
then transported through the bloodstream to the proximal
tubule of the kidney, where it is hydrolysed at the la-posi-
tion to form calcitriol (1,25 «-dehydrossicolecalciferol),
by the enzyme 25-hydroxyvitamin D-1 a-hydroxylase
(CYP27B1), the levels of which are increased by parathy-
roid hormone secreted by the parathyroid gland, which is
the pivotal activator of CYP27B1 in proximal tubule cells.®
Thereafter, the synthesized calcitriol is released into the
bloodstream. The preservation of sufficient 250HD levels
in the blood is required for 1,25(OH),D3 regulation of a
large number of physiological functions other than its clas-
sic actions in bone mineral metabolism.

Vitamin D3 pathways

The actions of vitamin D on both skeletal function and
parathyroid homeostasis may not be exclusively through
its endocrine function. The biological action of
1,25(0OH),D3 is performed by binding to the receptors
VDR and Retinoid X receptor-« (RXR-o) in the nucleus
of various cells of the body.” The VDR is a nuclear recep-
tor and ligand-activated transcription factor,” and it is a
member of the superfamily of nuclear hormone receptors.
It functions as a ligand-activated transcription factor that
binds specific DNA sequence elements.'® This receptor is
present in many cells of the immune system including
monocytes as well as stimulated macrophages, DCs, natu-
ral killer cells and activated B and T cells'' and it is
involved in many processes such as proliferation and
differentiation.'”> The VDR is composed of a highly
conserved DNA binding domain and an o-helical ligand-
binding domain."> The ligand-bound VDR activates
transcription by heterodimerization with RXRs, which is
essential for high-affinity DNA binding to cognate vita-
min D response elements (VDREs) located in the regula-
tory regions of 1,25D target genes'> (Fig. 1). Ligand
triggered conformational change of VDR-RXR heterodi-
mers results in dissociation of co-repressor proteins such
as nuclear receptor co-repressor (NCoR) and facilitates
the interaction with members of the CBP/p300 and p160
co-activator families, including steroid receptor co-activa-
tors-1, transcriptional intermediary factor 2, and recep-
tor-activated co-activators-3.'* This activated complex
then recruits a co-activator complex, known as vitamin D
receptor-interacting protein complex and other co-regula-
tory proteins, which control histone modifications, chro-
matin remodelling, RNA polymerase II binding, and
induce a co-activator exchange in the transcriptional
complex of VDR-responsive promoters'> (Fig. 1). Addi-
tionally, 1,25(OH),D activates some intracellular signal-
ling pathways, named ‘rapid’ cellular responses.'® The
complex VDR + RXR + 1,25(OH),D3, targeting the DNA
sequence of VDRE requires sufficient level of 1,25(OH),D
to promote VDR signalling. Its ability to bind to a trans-
porter protein, namely, vitamin D binding protein,
enables it to reach other districts that will be its target.
These effects create an environment suitable for gene
transcription.'> Additionally, VDR-RXR interacts with a
VDR-interacting repressor at the E-box type element of
negative VDREs, comprising a CANNTG-like motif. Such
interactions at the E-box induce co-regulator switching,
involving dissociation of p300 co-activator and associa-
tion of the histone deacetylator co-repressor complex,
resulting in ligand-induced transrepression.'” Besides
expressing abundant 1,25(OH),D3 receptor (VDR), cells
from the parathyroid glands'® and bone-forming osteo-
blasts'® exhibit significant levels of CYP27B1 activity. As a
result, some of the calciotropic actions of vitamin D are
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Figure 1. The biological action of 1,25(OH),D3. The ligand-bound vitamin D receptor (VDR) activates transcription by heterodimerization with
RXRs, essential for high-affinity DNA binding to cognate vitamin D response elements (VDREs) located in the regulatory regions of 1,25D target
genes. Ligand triggered conformational change of VDR-RXR heterodimers results in dissociation of nuclear receptor co-repressor (NCoR) and
facilitates the interaction with members of the CBP/p300 and p160 co-activator families, including steroid receptor co-activators-1 (SRC-1), tran-
scriptional intermediary factor 2 (TIF2), and receptor-activated co-activators-3 (RAC3).This activated complex recruits VDR-interacting protein
(DRIP) and other co-regulatory proteins, which control histone modifications, chromatin remodelling, RNA polymerase II binding and transcrip-
tional initiation. The complex VDR+RXR+1,25(0OH),D3, targeting the DNA sequence of VDRE requires sufficient level of 1,25(OH),D to pro-
mote VDR signalling. Acetylated histones relax chromatin structure to make DNA accessible and permit initiation of transcription of the target
gene.

the result of localized conversion of 250HD to 1,25(0OH),D3 intracellular signalling pathways involve the

1,25(0OH),D3 and hence result from intracrine, rather
than endocrine, signalling by the VDR. Cell-specific or
tissue-specific transrepression of CYP27B1 by 1o,25-
(OH),D3 may involve the numerous VDREs found in
relatively promoter-proximal locations that enhance
chromatin looping and interactions with protein super
complexes of differing transcriptional abilities. Other
mechanisms of transrepression involve the association
between Williams syndrome transcription factor includ-
ing nucleosome assembly complex, a multifunctional,
ATP-dependent chromatin-remodelling complex and
chromatin,!” and VDR-induced DNA methylation.20 The

protein kinase C, phosphatidylinositol 3-kinase (PI3-
kinase), calcium-dependent pathway, and three groups of
mitogen-activated protein kinases.”' So far, it is not clear
if 1,25(0OH),D3-induced activation of the signal transduc-
tion pathways results in any modifications of VDR pro-
tein. It has been proposed that Erkl is able to
phosphorylate VDR.*> Moreover, some data show that in
response to 1,25(0OH),D treatment, VDR interacts with
PI3-kinase, its downstream element Akt kinase® and with
Src kinase.”* Activation of Src kinase has been docu-
mented in different cell line models.”>™*” It is not known
how activation of Src and PI3-kinase and their physical
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interaction with VDR can be connected (Fig. 2). Intracel-
lular localization of VDR has been a topic of some con-
troversy because it is not fully established if
1,25(0OH),D3-induced activation of the signal transduc-
tion pathways results in any modifications of VDR pro-
tein or if VDR is translocated to the cell nucleus in
response to 1,25(0H),D,® or if it continually shuttles
between cytosol and nucleus or if 1,25(OH),D traps it
inside the nucleus® (Fig. 2). The expression of VDR in
the cells increases in response to 1,25(0OH),D3,* but not
in each type of target cell,’® despite all the tissues with
VDR being potential targets. The ligand-bound VDR can
also repress transcription. For example, in the presence of
1,25(0OH),D3, VDR/RXR heterodimers can displace
DNA-bound nuclear factor of activated T cells, and so
repress cytokine gene expression.>'' The classical 1,25-
(OH),D3 genomic response modulates synthesis and
accumulation of new proteins and invokes an appropriate
cellular response. These events may be suppressed by pro-
tein synthesis inhibitors, such as actinomycin D or cyclo-
heximide.”!

Vitamin D3 and immune cells

The finding that the majority of the immune system cells,
including macrophages, B and T lymphocytes, neutrophils
and DCs possess VDR,'"”* mainly after activation, pro-
duced the idea that vitamin D has pleiotropic effects in
immune cells. Some VDR transcription-independent
actions play a key role in immune system regulation.

VDR activation in immune cells

In immune cells, activation of VDR leads to production
of downstream gene products and elicits potent anti-pro-
liferative, pro-differentiative, and immunomodulatory
effects. Several important intracellular pathways have been
reported to be inhibited by 1,25(OH),D3. The suppressive
effect of 1,25(0OH),D3 on the nuclear factor-kB (NF-kB)
signalling pathway has been observed in T cells, mono-
cytes or macrophages,” and could influence the expres-
sion of various essential secreted molecules on the cell
surface. The NF-xB pathway, however, is generally not
suppressed by 1,25(OH),D3 in activated B cells as
assessed by the analysis of expression of various genes
influenced by this signalling pathway. Evaluating the
expression of other transcriptional regulators, including
Paired box-5 (PAX-5), B-cell lymphoma 6 (BCL-6), acti-
vation-induced cytidine deaminase (AID), B lymphocyte-
induced maturation protein 1 (Blimpl), Metastasis-asso-
ciated protein 3 (MTA3) and IFN-regulatory factor 4
(IRF4), it has been observed that they are unaffected by
1,25(0OH),D3. Whereas the expression of X-box binding
protein 1 (XBP1) seems modestly but significantly down-
regulated by 1,25(OH),D3. Furthermore, mRNA expres-

sion of endoplasmic reticulum to nucleus signalling 1
(ERN1), which is required for processing XBP1 mRNA to
a spliced form that encodes a more stable and active pro-
tein,>* is also down-regulated by 1,25(OH),D3. The
inhibitory effect of 1,25(0OH),D3 on the expressions of
XBP1 and ERN1 mRNA may, at least in part, explain the
greater inhibitory effect of vitamin D on immunoglobulin
secretion and detection of plasma cells compared with its
more modest inhibition of the differentiation of pheno-
typically defined plasma cells. Nevertheless, inhibition of
the expressions of XBP1 and ERNI is not sufficient to
explain the inhibition of the generation of both plasma
cells and post-switched memory cells as well as the ongo-
ing proliferation of activated B cells by 1,25(0H),D3.%

Vitamin D3 and monocyte/macrophages

The importance of a link between vitamin D3 and innate
immunity was underlined by studies showing that mono-
cyte/macrophage responses to bacterial infection were
potently stimulated by 1,25(OH),D3 following induction
of both VDR and CYP27B1. Additional studies in patients
with the granulomatous disease sarcoidosis provided
another link between vitamin D and monocyte/macro-
phage function. Macrophages isolated from sarcoid gran-
uloma or from lung lavage fluid were capable of
synthesizing 1,25(OH),D3 from precursor 250HD.?® The
presence in sarcoid macrophages of CYP27B1 activity
provided an explanation for the elevated circulating levels
of 1,25(0OH),D3 frequently found in patients with this
disease.”” Macrophage synthesis of 1,25(OH),D3 seems to
be common to granulomatous diseases, as well as several
types of tumour involving significant macrophage infiltra-
tion.”® Macrophages possess both the enzymes essential to
produce locally 1,25(0OH),D3, leading to intracrine and
paracrine effects.”® The ability of 1,25(0OH),D3 to
stimulate the differentiation of monocytic precursors into
more mature, macrophage-like cells was one of the first
discoveries suggesting an immunoregulatory role for
1,25(0H),D3.*> It has been suggested that abundant
expression of VDR by monocytes sensitizes these cells to
the differentiating effects of 1,25(0OH),D3, providing
a ‘fast-forward” autocrine mechanism for subsequent mat-
uration of cells into macrophages. Of interest,
1,25(0OH),D3 down-regulates the expression of granulo-
cyte—macrophage colony-stimulating factor and stimulates
macrophages to produce the immunosuppressant prosta-
glandin E,. Notably, vitamin D deficiency impairs the
ability of macrophages to mature, to produce specific
surface antigens by down-regulating the membrane
expression of major histocompatibility complex class II
(MHC-II) molecules*' to generate the lysosomal enzyme
acid phosphatase and to secrete H,0O,, essential tools for
their antimicrobial function.** In contrast, the addition of
1,25(0OH),D3 increases expression of macrophage-specific
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Figure 2. 1,25(OH),D3 intracellular signalling pathway. In response to 1,25(OH),D treatment viramin D receptor (VDR) interacts with phospho-
inositide 3 (PI3) -kinase, its downstream element Akt kinase and with Src kinase. The expression of VDR in the cells increases in response to
1,25(0OH),D3. It is unknown if VDR is translocated to the cell nucleus in response to 1,25(OH),D, or if it is continuously shuttled between cyto-
sol and nucleus or if 1,25(OH),D traps it inside the nucleus. In the presence of 1,25(OH),D3, VDR/RXR heterodimers can displace DNA-bound

nuclear factor of activated T cells.

surface antigens and of lysosomal enzyme acid phospha-
tase. Furthermore, stimulating their ‘oxidative burst’ func-
tion enhances and phagocytosis.”> The
1,25(0OH),D3 modulates macrophage responses, prevent-

chemotaxis

ing them from releasing more inflammatory cytokines
and chemokines than required.** Monocytes isolated from
normal human peripheral blood mononuclear cells
(PBMCs) are easily able to synthesize 1,25(OH),D when
treated with cytokines such as IFN—y,45 or bacterial anti-
gens such as lipopolysaccharide.*® The presence of
CYP27B1 in macrophages is crucial for the physiological
action of 1,25(OH),D3 in immunoregulation. In activated
macrophages CYP27B1 expression is not regulated by
Ca®" homeostatic signals but is regulated by immune
inputs, mainly IFN-y and agonists of the Toll-like recep-
tor (TLR), the pattern recognition receptors.*> Microarray
studies demonstrated that signalling through human mac-
rophage TLR1/2 heterodimers stimulated with bacterial
lipopeptides induced expression of both CYP27B1 and

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, /Immunology, 134, 123-139

the VDR.*” Critically, this renders the immune system
responsive to circulating levels of 25D.*” Most impor-
tantly, in TLR2/1-stimulated human macrophages cul-
tured in the presence of human serum, downstream
VDR-driven responses were strongly dependent on serum
1,25(0H),D3 concentrations*’ (Fig. 3). The VDR-driven
responses, attenuated or absent in vitamin D-deficient
individuals, were restored by 1,25(OH),D3 supplementa-
tion. Consistent with these findings, the 1,25(0OH),D3 lev-
els in serum from African-Americans were markedly
lower than those of Caucasian Americans.*® This evidence
confirms the demonstration of the dependence of
immune responses on circulating 1,25(OH),D3 levels.
The expression of the co-receptor of TLR4, CDI14, is
strongly regulated by 1,25(0H),D3 in human cells.* Sev-
eral works show a correlation between induction by LPS
and expression of CYP27B1 via TLR4/CD14 receptor
complexes.43 Moreover, treatment with 1,25(OH),D3 in
human monocytes inhibits the expression of the innate
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Figure 3. Immune cell responses to pathogens: 25-hydroxyvitamin D (250HD) binds vitamin D binding protein (VDBP), then is released into

the cytosol and converted to 1,25(OH),D3 in the mitochondria. Vitamin D trigger pathogen-sensing via Toll-like receptor 2/1(TLR2/1) complex.
Intracellular 1,25(OH),D3 generated though action of 25-hydroxyvitamin D-1 o-hydroxylase (CYP27B1) interacts with the 1,25(OH),D3 receptor
(VDR). Activation of the VDR leads to induction of cathelicidin, which is the target for transcriptional regulation by 1,25(0OH),D 3-liganded
VDR. The induction of cathelicidin following localized synthesis of 1,25(OH),D3 promotes the generation of autophagosomes and enhances bac-

terial killing following generation of autolysosomes.

immunity receptors TLR2, TLR4 and TLR9 and alters the
TLR9-dependent production of IL-6.°° Promoter-reporter
analysis of the events involved in transcriptional
regulation of CYP27B1 suggests that TLR4-mediated
induction of this enzyme involves JAK-STAT, mitogen-
activated protein kinase and NE-xB pathways.*> However,
other studies have proposed that TLR2/1 induction by
CYP27B1 occurs indirectly as a consequence of TLR2/1-
induced IL-15, which is a potent inducer of CYP27B1.”"
In a comparable fashion, IL-17 increase 1,25(OH),D3-
mediated induction of cathelicidin, although this response
does not seem to involve transcriptional regulation of
CYP27B1 or increased VDR sensitivity.”> Treatment of
human monocytes with 1,25(0OH),D3 suppressed the
expression of both TLR2 and TLR4 mRNA and protein
in a time-dependent and dose-dependent manner.’>>*
Strikingly, whereas 1,25(OH),D3 promotes the antimicro-
bial activities of myeloid cells, this hormone also inhibits

128

TLR2 expression and TLR4 expression on monocytes, so
inducing a state of hypo-responsiveness to pathogen-asso-
ciated molecular patterns. It was thought that this took
place as a negative feedback mechanism, preventing
excessive TLR activation and inflammation at a later stage
of infection.”® Therefore, such down-regulation of
pattern recognition receptors by 1,25(0OH),D3 in antigen-
presenting cells may contribute to the capacity of
1,25(0H),D3 to attenuate abnormal Thl-driven inflam-
matory responses and potential downstream autoimmuni-

> This evidence provides, partially, the molecular basis
for the increased production of 1,25(OH),D3 by macro-
phages in granulomatous diseases such as sarcoidosis.”® It
has been demonstrated that 1,25(OH),D3 is a direct
inducer of expression of the gene encoding NOD2/
CARD15/IBD1 in cells of monocytic and epithelial ori-
gin.”’ This pattern recognition receptor detects muramyl
dipeptide (MDP), a lysosomal breakdown product of

© 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 134, 123-139



bacterial peptidoglycan common to Gram-negative and
Gram-positive bacteria. The MDP-induced NOD?2 activa-
tion stimulates NF-xB, which induces expression of the
defensin f3, gene.”” One pathway, so far poorly studied,
concerns the enzyme 24-hydroxylase (CYP24), which is
thought to function by inactivating 1,25(OH),D3.
Remarkably, while expression of CYP24, the mitochon-
drial enzyme that initiates 1,25(OH),D3 catabolism, is
exquisitely sensitive to the presence of 1,25(OH),D3, the
negative feedback loop appears to be defective in macro-
phages. The gene for 24-hydroxylase is potently induced
by 250HD following TLR2/1 activation of monocytes.”®
A splice variant form (CYP24-SV) that encodes a trun-
cated enzyme lacking the critical N-terminal mitochon-
drial targeting sequence was proposed as a novel
mechanism for induced expression 1,25(OH),D3 in mac-
rophages.” However, while expression of CYP24 tran-
scripts is induced by 1,25(0OH),D3 in macrophages as in
other cells, the corresponding enzymatic activity is virtu-
ally undetectable.” Although the substrate binding pocket
of CYP24-SV is apparently functional, the enzyme,
trapped in the cytosol, is catalytically inactive. This sug-
gests that, in macrophages, 1,25(OH),D3 signalling is
maintained over an extended period of time, which would
be advantageous for combating intracellular patho-
gens such as Mycobacterium tuberculosis.’! In fact,
1,25(0OH),D3 significantly attenuates expression of matrix
metalloproteinases (MMP) 7 and 10, suppresses secretion
of MMP-7 and significantly inhibits secretion and activity
of MMP-9 by M. tuberculosis-infected PBMCs. As well
1,25(0H),D3 induces secretion of IL-10 and prostaglan-
din E, from M. tuberculosis-infected PBMCs.®® The
1,25(0OH),D3 dramatically induces genetic expression of
antimicrobial peptides (AMPs), such as defensins and
cathelicidin (hCAP), in human monocytes, neutrophils
and other human cell lines®"** (Fig. 4a). The AMPs dis-
play a broad-spectrum of antimicrobial and antiviral
activities including the influenza virus.*> These endoge-
nous antibiotics directly destroy invading microorgan-
isms. Recent reports have underlined the importance of
hCAP as a target for vitamin D. The hCAP was identified
as a target for transcriptional regulation by 1,25(OH),D3-
liganded VDR, in that its gene promoter contains a func-
tional VDRE®!®? (Fig. 3). This VDRE occurs within a
small interchangeable nuclear element sequence, which
seems to be present only in the cathelicidin gene pro-
moter of higher primates, suggesting that the
1,25(0OH),D3 regulation of this facet of innate immunity
is a recent evolutionary development.®* The induction of
hCAP following localized synthesis of 1,25(OH),D3 has
the dual benefit of promoting the generation of auto-
phagosomes while enhancing bacterial killing following
fusion with lysosomes to form autolysosomes®® (Fig. 3).
Conflicting results concern the role of 1,25(0OH),D3
signalling in controlling HIV infection. Notably, hCAP

Vitamin D3 as immuno-modulator

inhibits the replication of a number of HIV isolates®® and
the human homologues reduce the infectivity of lentiviral
vectors,’® suggesting that vitamin D signalling could
induce antiretroviral activity. Also, regulation of inducible
nitric oxide synthase (iNOS) potentially contributes to
the antimicrobial effects of 1,25(OH),D3, but different
data have been reported so far, ranging from a
1,25(0OH),D3-mediated induction of iNOS expression in
a human macrophage-like cell line, to documented inhibi-
tory actions of 1,25(OH),D3 on this enzyme67 (Fig. 4a).
The evidence that the polycyclic aromatic hydrocarbon
benzo[a]pyrene, a prominent product of cigarette smok-
ing, attenuates vitamin D-mediated induction of macro-
phage hCAP in a VDR-dependent fashion by stimulating
the expression of 24-hydroxylase and 1,25(OH),D3 catab-
olism®® underlines the importance of a connection between
vitamin D3 and innate immunity also. The precise mecha-
nism by which this occurs has yet to be determined but
these data suggest that some toxic compounds are actively
detrimental to 1,25(OH),D3-mediated immunity.

Vitamin D3 and DCs

The DCs are heterogeneous in terms of their location,
phenotype and function. They are generally divided into
two groups based on their origin: myeloid (mDCs) and
plasmacytoid (pDCs). They express different types of
cytokines and chemokines and exert complementary
effects on T-cell responses. Typically, mDCs are valuable
antigen-presenting cells”” and pDCs are more closely
associated with immune tolerance.”’ Purified tissue DCs
express VDR.”! Data from monocyte-derived DCs (moD-
Cs) prove that the large amounts of VDR expressed in
the human monocytes are subsequently down-regulated
in the course of moDC differentiation and maturation.””
Whereas CYP27B1 expression and activity increases as the
DCs differentiate towards a mature phenotype.”” This
mutual organization of CYP27B1 and VDR expression
may be helpful in mature antigen-presenting DCs and
may be relatively insensitive to 1,25(OH),D3, thereby per-
mitting induction of an initial T-cell response.” Succes-
sive studies using Langerhans cells, populations of DCs
isolated from skin, provided evidence that 1,25(OH),D3
could operate to attenuate antigen presentation.”* Later, it
was found that treatment of human moDCs with
1,25(0H),D3 or analogues has a profound impact on
maturation-induced changes in morphology and func-
tion,>”* thereby suppressing their capacity to present
antigen to T cells. The 1,25(0OH),D3 negatively regulates
the differentiation, maturation and immunostimulato-
ry capacity of DCs by decreasing the expression of MHC
class 11, CD40, CD80 and CD86”° and the maturation pro-
teins CDla and CD83.”° In addition, the 1,25(0H),D3
decreases the synthesis of IL-6, IL-12 and IL-23.”” The
lipopolysaccharide-induced maturation of human moDCs
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(a) Macrophage

VDR expression

Autocrine, intracrine and paracrine effects

Stimulates the differentiation of monocytic precursors in mature cells
Downregulates GM-CSF expression

Stimulates PGE, production

Increases mg-specific surface antigens and of acid phosphatase
expression

Decreases MHC-2

Stimulates ‘oxidative burst’

Enhances chemotaxis and phagocytosis

Regulates the expression of CD14 (co-receptor of TLR4)

Inhibits TLR2, TLR4, and TLR9 expression

Induces hypo-responsiveness to PAMPs

Alters the TLR9-dependent production of IL-6

Induces NOD2/CARD15/IBD1 expression

Induces the expression of a splice variant form CYP24-SV
Decreases TNF-a, IL-1, IL-6 and IL-23 production

Inhibits expression of MMP-7 and MMP-10, MMP-7 of MMP-9 by
M. tb-infected PBMC.

Induces IL-10 and PGE, secretion from M. tb-infected PBMC
Induces defensins and cathelicidin

Regulates iINOS expression (contradictory data)

TLR2 or TLR4 enhances vitaminD signalling by upregulating VDR
and CYP27B1expression

YVVVVYVYVYVVYY YVVVY

YVVYV

(b) T lymphocyte

» Increases VDR levels

> Regulates T cell development and migratory
function.

» Regulates TCR signaling

» Activates PLC-y1

T-reg lymphocyt

®

» Alters cytokine secretion patterns >
» Suppresses effector T cell activation >
» Induces regulatory T cells and functions
> Regulates T cells trafficking and homing >

» Induces CCR10 expression

1,25(0H), D3

Dendritic cell

Abundant CYP27B1
expression

Low VDR
expression

» Suppresses antigen presentation to T cells

» Regulates negatively DCs differentiation, maturation,
and immunostimulatory capacity

» Decreases MHC class Il, CD40, CD80, CD86 expression

» Decreases CD1a, CD83 maturation

» Decreases T-cell stimulation

» Decreases IL-6, IL-12, and IL-23 synthesis

> 1,25(0OH),D3+ LPS generates tolerogenic DCs

» Induces VDR enhanging DCs tolerogenicity and
decreasing IL-12p70 production

» Upregulates CD152

» Indirect Th1 response inhibition

» Impairs IFN-y production

» Enhances level of FOXP3 expression

» Display antigen unspecific suppressor activity.

> Effect on IL-10 production (Controversial data)

» Inhibits NF-xB family transcription factors activation and
expression

I
.

Promotes T-regs cells development
Influences Treg cells differentiation

1,25(0H), D3

B lymphocyte

Increases the suppressive activity and
expansion of antigen-specific Treg cells

» Decreases Th1 cells proliferation > Negatively regulates the expression

» Promotes epidermal T-cell homing
> Inhibits chemokines and chemokine receptors 3,

of CCR6 on the Th17 cells
Inhibits the lineage commitment

> Fromotes T-cell shift from Th1 to Th2 of Th17 cells » Regulates VDR expression
in C_)IZ_)41 cells . > Cooperates with IL-6 or TGF-4 to > Up-regulates CYP24A1
» Inhibits production IL-2, IFN-y, TNF-or » Inhibits B-cell proliferation

and IL-5

mediate IL-10 production

» Enhances TGF-f, and IL-4 transcripts
» Increases Th-2 cells function

» Inhibits T cell surface expression of CLA
> Inhibits TGFJ mediated Foxp3 on CD4* T cells ;.
» Negatively regulates CCR6 expression on

Th17 cells
> Decreases levels IL-2 in CD4* T cells

» Regulates Th17 cells and decreases IL-17

expression
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Vitamin D3 + glucocorticoids stimulate
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Mediates death of proliferating B cells
Inhibits plasma cells differentiation
and reduces Ig-secreting cells

and |g production

Inhibits NF-xB

InhibitsXBP1 and ERN1



in the presence of 1,25(OH),D3 generates tolerogenic
DCs.”*”® Therefore, induction of VDR on DCs modi-
fies their phenotype and function, enhancing their
tolerogenicity in adaptive immune response, and decreas-
ing the production of IL-12p70. When re-stimulated, T
cells primed with 1,25(OH),D3-treated moDCs show up-
regulation of CDI152 (CTLA-4), impaired proliferation
and IFN-y production, which could not be rescued by
high amounts of exogenous IL-2.”>”® The functional anal-
yses showing that treatment with 250HD3 suppresses DC
maturation and inhibits T-cell proliferation confirm the
existence of an intracrine pathway for vitamin D similar
to that observed for macrophages. Anergic T cells,
induced by immature 1,25(OH),D3-treated moDCs,
express enhanced levels of forkhead box protein-3
(FOXP-3) and display antigen unspecific suppressor activ-
ity. This T-cell anergy is antigen-unspecific, because re-
stimulation with mature DCs derived from a second
donor, unrelated to the DCs used for priming, also
resulted in T-cell hypo-responsiveness,”® and is in
remarkable contrast to the T-cell anergy induced by IL-10
DCs.” The tolerogenic effects of 1,25(0OH),D3 and its
analogues have also been observed on murine DCs
in vitro®™®! and in vivo.**® Tolerogenic DCs induced by
treatment with VDR agonists promote CD4" CD25"
FoxP3" T regulatory cells, which are competent to medi-
ate transplantation tolerance and arrest the development
of autoimmune diseases.** The effect on IL-10 production
is controversial, several reports describe a decrease,
whereas others affirm increased production.”®®> The
1,25(0H),D3 exerts its modulating function on human
mature DCs, moDCs via inhibition of NF-xB activation
and expression.86 Of note, all of the in vitro studies dem-
onstrating an effect for 1,25(OH),D3 on innate immunity
have been carried out adding exogenous 1,25(0OH),D3 to
cell cultures at levels above the physiological serum range.
This information raises the question as to whether there
is a role for vitamin D at physiological concentrations in
host immune responses. It is possible that local intracrine
synthesis of 1,25(0OH),D3 is more effective in achieving
these responses. Regarding pDCs no apparent immune
response to 1,25(OH),D3 was observed, this does not
preclude a role for vitamin D in the regulation of their
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reactions. Alternatively, the 1,25(0OH),D3 synthesized by
pDCs may regulate tolerance through paracrine effects on
VDR-expressing T cells (Fig. 4a).

Vitamin D3 and B lymphocytes

Some investigators reported that resting B cells do not
contain detectable amounts of VDR,* whereas others
found that VDR is constitutively expressed on human
tonsil B cells and can be up-regulated by activation.®®
Interestingly, VDR is expressed on the B-cell lymphoma
cell lines SUDHL4 and SUDHL5.% More recently, it was
asserted that VDR mRNA is constitutively expressed in
human primary B cells at low levels and is up-regulated
following stimulation in the presence of 1,25(0H),D3.%®
This result indicates that B cells may be capable of
autocrine/intracrine responses to 1,25(OH),D3. The find-
ing that VDR expression in B cells is regulated by
1,25(0OH),D3 suggests that vitamin D may exert differen-
tial effects on activated versus resting B cells and may
also have different effects in individuals with different
levels of serum 1,25(0OH),D3. Furthermore, activation of
1,25(0OH),D3 mediated by the up-regulation of the VDR
exerts an inhibitory effect on B-cell proliferation, suggest-
ing that a threshold level of VDR engagement might be
required for the antiproliferative effect to become appar-
ent. Interestingly, CYP27B1 mRNA was found also
expressed by resting B cells and could be further induced
by stimulation, but not by 1,25(OH),D3. However,
CYP24A1 was found significantly up-regulated following
the incubation of human B cells with 1,25(OH),D3, sug-
gesting that the activity of vitamin D on B cells might be
influenced not only by VDR expression but also by the
capacity to degrade the active molecule. In contrast to the
VDR, CYP24A1 was not altered by B-cell activation, dem-
onstrating that human B cells can respond to
1,25(0OH),D3 directly. The increased susceptibility of acti-
vated B cells to many of the effects of 1,25(0OH),D3
might reflect the up-regulation of VDR but not CYP24A1
by these cells. Then, 25(OH)D3 might be metabolized to
1,25(0H),D3 by B cells themselves and may represent a
source for the extra-renal synthesis of 1,25(0H),D3.%®
This suggests that in conditions such as systemic lupus

Figure 4 Effects of vitamin D on immune cells: (a) Macrophages and dendritic cells; (b) T lymphocytes, regulatory T (Treg) lymphocytes, B lym-

phocytes. CCR6, CCR10, chemokine receptor; CLA, conjugated linoleic acid; CDK-4,-6, cyclin-dependent kinase; ERN1, endoplasmic reticulum
to nucleus signalling-1; FOXP3, forkhead box P-3; GM-CSF, granulocyte—-macrophage colony-stimulating factor; DCs, dendritic cells; CYP24-SV,
24-hydroxylase splice variant form; CYP27B1, 25-hydroxyvitamin D-1 a-hydroxylase; Ig, immunoglobulin; iNOS, inducible nitric oxide synthases;

IFN-y, interferon-y; IL-1, interleukin-1; LPS, lipopolysaccaride; MHC-2, major histocompatibility complex-2; MMP-7, matrix metalloproteinase-
7; M. tb, Mycobacterium tuberculosis; NF-xB, nuclear factor-xB; NOD2/CARD15/IBD1, nucleotide-binding oligomerization domain containing 2/

Caspase activation and recruitment domains/inflammatory bowel disease 1; Tregs, regulatory T cells; PAMPs, pathogen-associated molecular pat-

terns; PBMC, peripheral blood mononuclear; PLC-y1, phospholipase C-y1; PGE,, prostaglandin E,; TCR, T-cell receptor; TLR-2, toll-like recep-
tor-2; TGF-f;, transforming growth factor-f;; TNF-a, tumour necrosis-o; VDR, 1,25(OH),D3 receptor; Th-1, T helper type 1; XBP1, X-box

binding protein-1.
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erythematosus, in which there is a diffuse B-cell
activation,” systemic vitamin D metabolism might be sig-
nificantly influenced. The precursor, 25(OH)D3, had sim-
ilar effects on purified B cells compared with the active
form, but at higher concentrations. Notably,
1,25(0OH),D3-mediated inhibition of proliferation was
associated with apoptosis of the activated and dividing B
cells, implying that differentiative events requiring the ini-
tial expansion of B cells might be eliminated as a result of
the 1,25(OH),D3-mediated death of proliferating B cells.
Using the combination of IL-21 and anti-CD40 stimula-
tion with or without B-cell receptor cross-linking, to
induce proliferation and plasma cell differentiation,
demonstrated that 1,25(OH),D3 had inhibitory effects on
plasma cell differentiation and immunoglobulin produc-
tion.” This effect was not evident when the B cells were
treated with 1,25(0OH),D3 after 5 days in culture, indicat-
ing that 1,25(OH),D3 inhibits the generation of plasma
cells but not their subsequent persistence. This observa-
tion supports the idea that the inhibition of B-cell prolif-
eration by 1,25(0OH),D3 is responsible for the reduction
of immunoglobulin-secreting cells and immunoglobulin
production. The 1,25(OH),D3 directly inhibited the pro-
liferation of activated B cells, showing the effect of
1,25(0OH),D3 on cell cycle-related gene expression by B
cells.”® Hence the mRNA level of p27, but not of p21 or
pl8, was up-regulated by 1,25(0OH),D3 in activated
human B cells. These data suggested that 1,25(0OH),D3
could inhibit B-cell proliferation by up-regulating p27
and thereby inhibit the cell cycle entry of previously
cycling B cells.” Because 1,25(0H),D3 also decreased
mRNA levels of CDK4 and CDK6 as well as cyclin D, the
effect of p27 on ongoing B-cell proliferation might be
greater.35 The observation that 1,25(OH),D3-mediated
induction of p27 may limit ongoing B-cell proliferation
implies that it modulates B-cell responses. Overall, these
results suggested the possibility that the major effects of
1,25(0OH),D3 on plasma cell and memory cell differentia-
tion may result from the suppression of ongoing B-cell
proliferation,”® which is required before the differentia-
tion steps can occur’! (Fig. 4b).

Vitamin D3 and T lymphocytes

The 1,25(0OH),D3 regulates T-cell development and
migratory function. In quiescent T cells VDR levels are
almost undetectable, but the expression increases five
times upon activation. Both Th1l and Th2 cells are direct
targets of active vitamin D. Direct actions on T cells rep-
resent a supplementary or a different route for
1,25(0OH),D3 to shape T-cell responses and to control
T-cell antigen receptor signalling,”> which through the
alternative p38 pathway induces VDR expression. The
VDR binds 1,25(0OH),D3, translocates to the nucleus and
activates the gene encoding phospholipase C-y1(PLC-y1),

which results in the accumulation of PLC-y1 protein in
the cytoplasm of primed T cells approximately 48 hr after
the initial activation signals.”® Because PLC-y1 has a cen-
tral role in classical T-cell receptor signalling and T-cell
activation,”®* the differences in PLC-y1 expression in
naive and primed T cells might explain the process of
functional avidity maturation observed in T cells. Activa-
tion of the VDR by 1,25(OH),D3 alters cytokine secretion
patterns, suppresses effector T-cell activation and induces
regulatory T cells. Notably, this hormone may also affect
other facets of T-cell function. Initial studies suggested
that 1,25(OH),D3 acts to inhibit the migration of T cells
to lymph nodes.”> However, more recently, 1,25(0OH),D3
was proposed as an important regulator of lymphocyte
trafficking and can exert powerful effects on the homing
of T cells to specific tissues. Active 1,25(OH),D3 influ-
ences cell translocation by stimulating T-cell expression of
chemokine receptor 10 (CCR10), which recognizes the
chemokine CCL27 secreted by epidermal keratinocytes.’
The 1,25(0OH),D3 might also influence the phenotype of
T cells, as it preferentially inhibits Thl cells, which are a
subset of CD41 effector T cells closely associated with cel-
lular immune responses.96 In this way the 1,25(0OH),D3
is able to promote the translocation and/or retention of T
cells within the skin. In contrast to its positive effect on
epidermal T-cell homing, vitamin D seems to exert a neg-
ative effect on chemokines and chemokine receptors asso-
ciated with the gastrointestinal tract.” Subsequently, it was
demonstrated that vitamin D promotes a T-cell shift from
Th1 to Th2 and so might help to limit the potential tissue
damage associated with Th1 cellular immune responses as
demonstrated by the cytokine profile of 1,25(OH),D3-
treated human T cells. The 1,25(OH),D3 decreases the
proliferation of Thl cells and also inhibits the production
of IL-2, IFN-y, tumour necrosis factor-o. and IL-5 of Thl
cells. > Vitamin D administration markedly enhances
transforming growth factor-f; (TGF-f;) and IL-4 tran-
scripts, which results in an immunosuppressive action
and increases Th2 cell function.”>”® The Th1 response is
blunted by the production of tolerogenic DCs that
increase suppressor T-cell action.””? However, it seems
likely that this is highly T-cell-selective, as demonstrated
in VDR gene knockout mice, which show aberrant gastro-
intestinal migration of a subset of CD81 cells; this effect
seems to be closely linked to the increased risk of colitis
in VDR knockout mice.” The analysis of immune cells
from the VDR gene knockout mouse added further com-
plexity because these mice show reduced levels of Thl
cells."® Hence, although in vitro vitamin D seems broadly
to support a shift from Thl to Th2 in CD41 cells, in vivo
its effects on T cells are more complex. By contrast,
another study revealed that the 1,25(OH),D3 inhibits
T-cell surface expression of cutaneous lymphocyte-associ-
ated antigen, another receptor directing T cells to the
skin. Another subset of T-cell lineage distinct from Thl
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or Th2 cells, termed Th17 cells because of their capacity
to synthesize IL-17,'°" plays a crucial role in combating
certain pathogens but they have also been linked to tissue
damage and inflammation.'®” The precise role of vitamin
D as a regulator of Th17 cells is not yet clear. It is likely
that vitamin D exerts some of its effects on inflammation
and autoimmune disease through the regulation of Th17
cells, as demonstrated on animal models in which
1,25(0OH),D3 treatment reduced expression of IL-17,'0°
and loss of 1,25(OH),D3 as a result of CYP27B1 gene
ablation leads to increased levels of this cytokine'®*
(Fig. 4b).

Vitamin D3 and regulatory T cells

A fourth group of CD41 T cells exert suppressor rather
than effector functions and are known as regulatory T
cells or suppressor regulatory T (Treg) cells. Several stud-
ies reported that 1,25(OH),D3 potently modulates the
T-cell phenotype, promoting the development of T-reg
cells.'” Specifically, topical application of 1,25(0H),D3
affects the differentiation and functions of Treg cells,
increasing the suppressive activity and the in vivo expan-
sion of antigen-specific Treg cells.'”'”” This finding is
supported by the observation that oral administration of
1,25(0OH),D3 significantly reduced the number of lym-
phocytes in the central nervous system (CNS) of mice
with induced experimental autoimmune encephalomyeli-
tis (EAE).'® The CD4" T cells are highly infiltrated in
EAE-induced mice whereas 1,25(0OH),D3-treated mice
present extremely low numbers of CD4" T cells in their
CNS. There are two hypotheses to explain the absence of
lymphocytes in the CNS after 1,25(0OH),D3 treatment.
First, 1,25(OH),D3 causes death of activated T cells in
the absence of Th17-polarizing conditions. Second, regu-
lation of Th17 cell recruitment occurs via chemokine and
chemokine receptors. As expected, 1,25(OH),D3 nega-
tively regulates the expression of CCR6 on the Th17 cells
that had been activated by both TGF-f and IL-6. The
CCR6-CCL20 axis seems to play an essential role in con-
trolling the entry of Th17 cells into the CNS, so mediat-
ing the initiation of EAE.'” The inhibitory effect of
1,25(0OH),D3 seems to be similar to that of IL-27, which
inhibits the lineage commitment of Th17 cells'®*''® and
induces IL-10 production, which, in turn, suppresses EAE
initiation.""! The combination of 1,25(0OH),D3 and dexa-
methasone (Dex) increase the frequency at which IL-10-
producing regulatory T cells are generated.''? Further,
1,25(0OH),D3 fails to inhibit EAE in IL-102/2 or IL-10R2/
2 B6 mice.'"> However, an in vitro study showed that
1,25(0OH),D3 alone failed to induce IL-10 production in
activated T cells.""* Additional factors are required to
protect against EAE through the IL-10 effect. The
1,25(0H),D3 helps TGF-ff to mediate IL-10 production
and strongly enhances the generation of IL-27-mediated
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IL-10-producing CD4" T cells."'* Both the finding that
IL-27 is a good inducer of IL-10-producing T cells and
that 1,25(OH),D3 possesses synergistic effects under
Th17-polarizing conditions indicate that 1,25(0OH),D3
requires the presence of TGF-f§ and IL-6 to increase the
number of IL-27-mediated IL-10-producing T cells. It is
possible that 1,25(OH),D3 cooperates with IL-27 to pro-
tect against EAE through IL-10. The generation of Th17
cells blocked by IL-27 is dependent on the transcription
factor STAT1.'” It appears that 1,25(OH),D3-mediated
suppression of Thl and Th17 cell generation occurs by
induction of Foxp3" Treg-cell expansion. In contrast, It
has been shown that the expression of TGF-f-mediated
Foxp3 is inhibited by 1,25(OH),D3 via a VDR signal on
CD4" T cells.''* Moreover, it has been shown that in vitro
treatment of 1,25(OH),D3 results in decreased levels of
IL-2 production by activated CD4" T cells.""® Interleukin-
2 might be crucial for inhibiting Treg-cell differentiation
by 1,25(0H),D3.11* Although IL-2 blocks the inhibi-
tory role of 1,25(0OH),D3 on Treg-cell generation,
1,25(0OH),D3 and IL-2 synergistically constrain IL-17 pro-
duction in CD4" T cells. However, the direct effect of
1,25(OH),D3 on the function and differentiation of T
cells is basically unknown because VDR is expressed at
low levels in naive T cells.''® These inhibitory effects of
1,25(0OH),D3 are most pronounced in the effector/mem-
ory T cells, which do express VDR, or are mediated by
1,25(0OH),D3-treated DCs. Overall, the VDR signal on
the CD4" T cells inhibits the expression of IL-17, IL-2,
Foxp3 and CCR6 but enhances the expression of IL-10. It
has been suggested that VDR activation modulates CCR6
expression and leads to a functional hypo-responsiveness
to CCL20. The 1,25(OH),D3-treated DCs induce Treg
cells via independence of an inhibitory receptor immuno-
globulin-like transcript 3 (ILT3) molecule, which is
required for Treg-cell induction.”® The 1,25(0H),D3, in
conjunction with glucocorticoids, potently stimulated the
generation of IL-10-producing CD41/CD251 and TLRY
expression by Treg cells.''? Subsequent reports indicated
that the preferential differentiation of Treg cells is a piv-
otal mechanism connecting 1,25(OH),D3 to adaptive
immunity, with beneficial effects for autoimmune disease
and host—graft rejection.''''” This immunosuppressive
mechanism is likely to be mediated by the induction of tol-
erogenic DCs,”>%>"® but direct effects on T cells may also
be important.”® In contrast to CD41 cells, CD81 cells show
a poor anti-proliferative response to 1,25(0H),D3.'"’
Although the literature on T effector cells is abundant, our
understanding of the effects of vitamin D on CD81 sup-
pressor T cells remains limited. However, the notion that
CD81 cells express VDR abundantly is proved and suggests
that they are potential targets for 1,25(OH),D3. Further
reports have shown that 1,25(OH),D3 actively regulates
proliferation and cytokine production by CD81 cells'*° fol-
lowing specific immune stimuli.'*' Despite this, the
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1,25(0OH),D3 does not seem to have a significant effect on
animal disease models such as EAE in which CD81 cells
have been implicated '** (Fig. 4b).

Vitamin D3 deficiency and bacterial infection

The anti-inflammatory role of vitamin D has been docu-
mented in various bacterial infections.”> In the 1980s, it
was demonstrated that vitamin D enhanced bactericidal
activity of human macrophages against M. tuberculosis,
the causative agent of tuberculosis.'>> This discovery led
to a new era of interest regarding the role of
1,25(0OH),D3 in determining pathogenesis and the
immune response to bacterial pathogens. Interestingly,
Liu et al.*’ proposed a key mechanism of how vitamin D
may enhance innate immunity. Recent studies provided
new insight into the involvement of vitamin D in the
TLR triggering of an anti-microbial response to infec-
tions. As reported earlier, pathogens such as M. tuberculo-
sis are phagocytosed by monocytes/macrophages
triggering pathogen-sensing via TLR2/1 complex, which,
in turn, up-regulates the expression of both VDR and
CYP27B1.*® 1In this way, the 25-hydroxyvitamin D
(250HD) in circulation bound to vitamin D binding pro-
tein is released to the monocyte/macrophage and con-
verted to 1,25(OH),D3 in the mitochondria (Fig. 3).
Intracellular 1,25(OH),D3 generated though action of
CYP27B1 then interacts with the VDR and transcription-
ally leads to induction of cathelicidin, with multifunction-
al roles in host defence, and killing of intracellular
M. tuberculosis,*® via a VDRE in the hCAP gene pro-
moter. The link between vitamin D-triggered antimicro-
bial activity in monocytes/macrophages and cathelicidin
has been confirmed using small interference RNA inhibi-
tion of 1,25(0OH),D3 in increased mycobacterial
growth.'** Besides AMPs, also the gene encoding the anti-
microbial peptide, defensin 3, another antimicrobial pep-
tide with multiple effector functions within the immune
system, was identified as a direct target for
1,25(0OH),D3.* Exposure to 1,25(0H),D3 results in a
strong induction of these peptides, directly leading to
enhanced antimicrobial activity in various cell types,
including myeloid cells, keratinocytes, neutrophils and
bronchial epithelial cells.**'*>'*® The antimicrobial pro-
tein f-defensin 4 (DEFB4) also exhibits a gene promoter
VDRE but requires co-stimulation by activators of NF-
kB, such as IL-1 signalling via the IL-1 receptor, to pro-
mote transcriptional up-regulation of DEFB4. Other
signalling pathways have also been proposed to partici-
pate in the anti-mycobacterial activities of 1,25(OH),D3.
For example, PI3-kinase was found to regulate the anti-
mycobacterial activity of 1,25(OH),D3 by enhancing the
generation of reactive oxygen species in monocytes and
macrophages,'?” thus augmenting another versatile mech-
anism of bacterial killing. Induction of both DEFB and

hCAP promote bacterial killing in the resulting autolyso-
some generation (Fig. 3). Importantly, Yuk et al®® have
recently demonstrated the ability of vitamin D to induce
autophagy and to mediate co-localization of M. tuberculo-
sis and antimicrobial peptides within auto-phagolyso-
somes, facilitating the destruction of these bacteria. A
novel immunomodulatory role for the 1,25(0OH),D3 in
M. tuberculosis infection has been reported in its role to
modulate expression of MMP, such as MMP-7, MMP-9
and MMP-10, by PBMCs, while inducing secretion of IL-
10 and prostaglandin E,.°*'?®

Subsequent to vitamin D deficiency the infected macro-
phages are unable to produce sufficient 1,25-(OH),D3 to
up-regulate production of cathelicidin. Recent investiga-
tion shows that 1,25-(OH),D3-stimulated induction of
cathelicidin in cystic fibrosis bronchial epithelial cells
causes an increased antibacterial activity against common
cystic fibrosis airway pathogens such as Pseudomonas
aeruginosa and Bordetella bronchiseptica."*> Based on these
results, it has been speculated that the targeted use of
inhaled 1,25-(OH),D3 could augment the expression of
cathelicidin on the mucosal surface of bronchial epithelia.
Endoscopic studies in humans have demonstrated that
p-defensin is secreted in the gastric mucosa after infection
by Helicobacter pylori'*® and may therefore constitute a
major aspect of immune defence against this bacterial
pathogen at the mucosal surface. Studies of VDR poly-
morphisms in humans support the hypothesis that vari-
ability in vitamin D status and host genes encoding
vitamin D-responsive elements affect the immune
response to bacterial pathogens other than M. tuberculo-
5is.1%° Therefore, much of what is know from the interac-
tion between host vitamin D status and M. tuberculosis
infection can enhance our understanding of the immuno-
modulatory properties of vitamin D in other bacterial dis-
eases, although more research is required to help
generalize this information to other clinical settings.

Vitamin D3 and virus infection

The optimal vitamin D status of the host may contribute
key immunoregulatory functions in settings of viral respi-
ratory infection by down-regulating excessive, and there-
fore toxic, cytokine responses, while allowing for
improved clearance of various microbial species.">’ The
incidence of viral infections typically peaks in the winter
months when cutaneous vitamin D synthesis is naturally
weakened. In contrast to data available from adult sub-
jects, infections observed in children with inadequate vita-
min D stores are more frequently reported as being viral
in origin. Several studies have pointed to adequate vita-
min D concentrations playing a potential role in protect-
ing against upper and lower respiratory tract infections.
One of the first clues of the importance of vitamin D sta-
tus on the incidence of viral infection came from evidence
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that in children susceptibility to infection occurs before
evident manifestations of nutritional rickets become
manifest. Moreover, the risk for acquiring an infection
necessitating hospitalization is also reflective of a vitamin-
D-insufficient state, rather than a secondary manifestation
of the more severe vitamin D deficiency typically docu-
mented in cases of nutritional rickets. Vitamin D-related
pathways have been studied in terms of their involvement
in the host immune response to viral respiratory infec-
tions, such as influenza.'>""!%?

Another example of an infection where clinical and
genetic evidence collectively suggest that vitamin D may
play a role in susceptibility to, as well as control of, the
infection is HIV. Although increased prevalence of vita-
min D deficiency in HIV-infected patients in comparison
with uninfected hosts has been reported, these data
remain contradictory.'>® Laboratory models of HIV infec-
tion have demonstrated that pre-treatment of human
monocytes and macrophages with 1,25-(OH),D prevents
HIV infection in certain cell lines'>* but increases HIV
replication in others."”> Another recent study demon-
strated that cathelicidin, which is regulated in part by
vitamin D, might directly inhibit the replication of
HIV."® Patients with AIDS with abnormally low serum-
1,25D also had shorter survival times than other AIDS
patients. These results indicate that serum-1,25D is corre-
lated with the degree of immune deficiency in HIV infec-
tion. Low 1,25D is associated with increased incidence of
AIDS events and reduced survival time.*’ In one study,
however, HIV-positive patients supplemented with vita-
min D demonstrated a positive impact on their CD4"
T-cell counts.”>"”” Further research into the connection
between vitamin D and HIV is ongoing and includes
studies on the role of vitamin D signalling and the VDR
in HIV infection. Studies into VDR gene polymorphisms
also support the association between vitamin D and other
infectious diseases. Recently it has reported a significant
association between genetic susceptibility to respiratory
syncytial virus bronchiolitis and several single nucleotide
polymorphisms of genes related to innate immune func-
tion, including the VDR."*® Children with the ff genotype
of the VDR had increased risk of acquiring an acute
lower respiratory tract infection, predominantly viral
bronchiolitis."*® Other single nucleotide polymorphisms
in this gene have been associated with susceptibility to
tuberculosis,'*” and the VDR has been implicated in
down-regulating IL-12 and IFN-y production.'*'

Further directions and concluding remarks

Based on the findings exposed so far, vitamin D supple-
mentation may hold therapeutic promise in many dis-
eases characterized by inflammation, including chronic
infections, malignancies, cardiovascular diseases and auto-
immune disorders such as rheumatoid arthritis, type 1

Vitamin D3 as immuno-modulator

diabetes, inflammatory bowel disease and multiple sclero-
sis. To obtain immunomodulating effects in vitro requires
local concentrations of 1,25(0OH),D3 of about 107'° m.
To achieve such concentrations in vivo requires supra-
physiological doses of 1,25(OH),D3, which are associated
with the undesired risk of hypercalcaemia. Consequently,
novel therapeutic strategies point toward vitamin D ana-
logues that do not induce hypercalcaemia,'** which may
exert considerable immunomodulatory activity at non-hy-
percalcaemic dosages and may have therapeutic potential
for immune disorders or transplant rejection. In patients
with Crohn’s disease a vitamin D analogue activates VDR
in PBMGs, affecting proliferation and exerting an immu-
nosuppressive effect on tumour necrosis factor-o produc-
tion, which is mediated by NF-xB down—regulation.143
Beneficial therapeutic effects of the supplementation of
vitamin D were observed in the patients with systemic
lupus erythematosus, in which an efficient tetanus toxoid
immunization on vitamin D supplementation induced
powerful specific antibody titres.'** Vitamin D may be
responsible for reducing the development and severity of
autoimmune and allergic diseases. The potential use of
vitamin D to augment the innate immune response in
atopic dermatitis has been examined extensively.'*’ Other
clinical trials under examination have been the combina-
tion of 1,25(0OH),D3 with immunomodulators such as
cyclosporine or bisphosphonates.'*® Encouraging results
have been obtained with both 1,25(OH),D3 and Dex-
DCs for their durable and differential tolerogenic features,
acting via different mechanisms. Both could be useful to
specifically down-regulate unwanted immune responses
and to induce immune tolerance. The modulated DCs
appear suitable as adjuvant in antigen-specific clinical
vaccination intervention strategies.'*” An experimental
murine model of Thl-mediated colitis clearly indicated
that combining Dex with calcitriol represents an attractive
new immune modulatory treatment regimen, substantially
because it promotes Treg cell functions with distinct
increases of the regulatory set of IL-10, TGF-f, FoxP3,
and cytotoxic T-lymphocyte antigen 4.'** Additionally, in
prophylactic experiments evaluating the effect on cytokine
secretion by DCs it was found that pretreatment with a
combination of Dex and 1,25(OH),D3 inhibits entero-
antigen specific T-cell differentiation, prevents weight loss
and ameliorates gut pathology upon CD4" CD25 T-cell
transfer in the SCID mouse model of colitis.'"** A combi-
nation of 1,25(OH),D3 plus Dex as well as Lactobacillus
plantarum induces IL-10 production by human and mur-
ine DCs. Both 1,25(OH),D3/Dex and Lactobacillus planta-
rum polarize naive T cells towards IL-10-expressing T
cells, through distinct mechanisms. As adjuvant, they both
enhance sublingual immunotherapy efficacy in a murine
asthma model."® Further studies reported that the com-
bined administration of a corticosteroid drug and allergen
extract suppressed the early clinical and immunological
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effects of specific immunotherapy and that 1,25(OH),D3
prevented this ‘adverse’ influence of steroids. Topically
applied 1,25(0OH),D3 enhances the immunoregulatory
ability of CD4" CD25" T cells residing in the skin-drain-
ing lymph nodes of mice. However, in vitro treatment
with 1,25(OH),D3 did not modify the expression of 84
tested cytokine and cytokine-related mRNAs. It was only
in the presence of IL-2 that 1,25(0OH),D3 increased the
expression of genes including IL-2 and TLR4. Further,
1,25(0OH),D3 enhanced the ability of IL-2 to stimulate
CD4" CD25" cells to proliferate in vitro and also regulate
contact hypersensitivity responses on adoptive transfer
into naive mice. Therefore, 1,25(OH),D3 enabled by IL-2
can enhance the regulatory potential of CD4" CD25" T
cells to control immune disease. The CD11c" cells from
the skin-draining lymph nodes of 1,25(OH),D3-treated
mice induced a significantly smaller ear-swelling response
in a Thl7-mediated model of contact hypersensitivity.
The CD4" CD25" cells isolated from the ear-draining
lymph nodes of mice that received ear injections of
CD11c" cells from donor mice topically treated with
1,25(0OH),D3 suppressed effector cell proliferation more
potently. In addition, ear-draining lymph node cells from
recipients of CD11c" cells from 1,25(0OH),D3-treated
mice produced increased IL-4. The CD11c" cells from the
skin-draining lymph nodes of mice treated with topical
1,25(0OH),D3 expressed increased levels of indoleamine
2,3-dioxygenase messenger RNA, a molecule by which
topical 1,25(0OH),D3 may enhance the ability of DCs to
control the suppressive function of CD4" CD25"
cells, 131152

Several studies have also examined the influence of
vitamin D or its derivatives on vaccine responses in
humans, mainly conducted in immunocompromised
patients, in particular patients on haemodialysis, because
vitamin D deficiency is common in this group. The
administration of calcitriol at a site adjacent to influenza
vaccination did not enhance humoral immunity in these
subjects.'> Vitamin D-based therapies at earlier stages of
chronic kidney disease may impact the immune status
of patients who progress to require dialysis or trans-
plantation.'®* Post-transplant osteoporosis in renal trans-
plant patients is still a grave problem. In renal transplant
patients who use low-dose methylprednisolone and
new immunosuppressive agents together, low doses of
1,25(0H),D3 and calcium replacement for 1 year pro-
vides a reduction in lumbar spine, femoral neck and fem-
oral total bone loss, prevents bone loss and contributes to
the normalization of parathyroid hormone levels.'>*

Interestingly, it has been reported that VDR agonists
possess immunoregulatory properties. In particular, for
their pronounced tolerogenic properties induced in DCs,
leading to enhanced Treg-cell development, are the most
used topical agents in the treatment of psoriasis and con-
tribute to the beneficial activity in a variety of autoim-

mune disease and graft rejection models, highlighting
their applicability to the treatment of chronic inflamma-
tory conditions sustained by autoreactive or alloreactive
immune responses.®*

Current trials focused for non-specific immunomodula-
tion on 1,25(0OH),D3 and thiazolidinediones in patients
with slowly progressive insulin-dependent diabetes mellitus
and in latent autoimmune diabetes are also promising.'

The expanding recognition of the association between
vitamin D deficiency and tuberculosis (TB) risk and of
the pleiotropic immunomodulatory functions of
1,25(0OH),D3 has led to evaluation of vitamin D as an
adjunctive therapy in the treatment of active TB.** As
active TB infection is associated with deficiencies in L-
arginine and vitamin D, a possible clinical application of
both r-arginine and vitamin D as candidate adjunctive TB
treatments has been proposed. There is a reasonable basis
for clinical trials investigating the safety and efficacy of
both r-arginine and vitamin D, singly or together as
adjunctive immunotherapies in TB. Human macrophages
use activated vitamin D and r-arginine-derived NO to kill
TB bacilli. Expression of the CD3( chain of the T-cell
receptor requires L-arginine, T cells need L-arginine to
function optimally. Vitamin D and NO might both atten-
uate excessive organ pathology resulting from an ampli-
fied cell-mediated immune response. Therefore, the
L-arginine and vitamin D immunological pathways could
have differential importance during stages of TB infection
or among individuals depending on prevailing genetic
and cytokine influences. Whether r-arginine and vitamin
D can reduce time to sputum clearance and culture nega-
tivity, administration of these agents would have potential
advantages such as reduced transmission and improved
outcome. Furthermore, with the increasing prevalence of
multidrug-resistant TB, agents ameliorating innate myco-
bacterial killing mechanisms might improve treatment
rates in drug-resistant disease.'>®

In conclusion, although the implications of
1,25(0H),D3 synthesis in the maintenance of immune
homeostasis are still under investigation, the current idea
of its function as ‘more than just a key-player in bone-for-
mation’ seems reasonable. In general, immune cells are not
only targets for active 1,25(0OH),D3, but are able to activate
this hormone in a local fashion, arguing for its autocrine or
paracrine role within the immune system. The general
hypothesis of linking inadequate 1,25(OH),D3 levels to
immune anomalies, such as increased infection rates, dis-
cussed in this review may stimulate the development of
new ideas. A deeper understanding, not only on the mecha-
nisms inducing immuno-modulatory actions, but also, on
the consequences of VDR agonists, and particularly hypo-
calcaemic 1,25(OH),D3 analogues, as plausible candidates
for the prevention or treatment of infections could offer an
attractive strategy to improve autoimmune disease manage-
ment and reduce the risk of developing infections.
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